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ABSTRACT Insecticidal properties of natural products may present alternatives to the use of
synthetic molecule pesticides that are of diminishing effectiveness due to resistance. Three com-
pounds, thymoquinone, nootkatone, and carvacrol, components of Alaska yellow cedar, Chamae-
cyyparis nootkatensis (D. Don) Spach, and incense cedar, Calocedrus decurrens (Torr.), essential oils,
have been shown to have biological activity against a variety of mosquito and tick species. Although
these components act as both repellents and insecticides, how they function in either capacity is
unknown. Their use as mosquito control insecticides would be greatly increased if their mode of action
is not the same as that of currently used commercial products. This study compared the lethal dosages
for nootkatone, carvacrol, and thymoquinone by using colony strains ofAnopheles gambiaeGiles with
known mutations at three different target sites. The altered target sites evaluated were the sodium
channel para-locus mutation (L1014 F KDR) that confers permethrin resistance, the ACE-1 gene that
confers organophosphate and carbamate resistance, and a �-aminobutyric acid receptor mutation of
the Rdl locus conferring dieldrin resistance. SigniÞcant increases in lethal dose were not observed in
any of the mosquito strains for any of the compounds tested compared with the doses required of
chemicals with known modes of action at the mutated sites. Although the mode of action was not
determined, this screening study indicates that none of these compounds interact at the target sites
represented in the test mosquito strains. These compounds represent a different mode of action than
existing chemicals currently used in mosquito control.
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Commercial insecticides used in mosquito control
have traditionally come from those developed for
agriculture. In the United States, insecticides used
for adult mosquito control come from two classes of
chemicals, pyrethroids and organophosphates. Out-
side of the United States, additional classes may
sometimes be used such as organochlorines, car-
bamates, and cyclodienes. All of these chemical
classes rely on three primary target sites within the
insect vector: the gated sodium channel (pyre-
throids and DDT), inhibition of �-aminobutyric
acid (GABA) receptors (cyclodienes), and the in-
hibition of acetylcholinesterase (organophosphates
and carbamates) (Ware 1991).

Resistance in vector mosquitoes has been docu-
mented to occur throughout the world in a variety of
important species (Hemingway and Ranson 2000, Xu
et al. 2006). With only two primary modes of action
available for vector control of adult mosquitoes in the
United States (i.e., the gated sodium channel and in-
hibition of acetylcholinesterase), the development of
resistance in an area can critically affect vector con-

trol. Finding suitable chemicals with alternative
modes of action is of urgent concern among vector
control personnel.

Essential oils of many plant species have been in-
vestigated as possible alternatives of traditional chem-
icals based on the assumption they are natural and thus
safer (Coats 1994, Isman 2006). Essential oils of two
North American tree species, Alaska yellow cedar,
Chamaecyyparis nootkatensis (D. Don) Spach, and in-
cense cedar, Calocedrus decurrens (Torr.), have been
investigated for their insecticidal and acaricidal prop-
erties (Panella et al. 2005, Dolan et al. 2007). Their
results have shown essential oils of both species have
insecticidal and repellent properties, albeit at lower
levels than currently available compounds. Our study
was conducted to evaluate whether three components
of these tree essential oils, thymoquinone, nootkatone,
and carvacrol, have similar modes of action to cur-
rently available mosquito adulticides. Possessing a dif-
ferent mode of action would make these compounds
more valuable for further commercial development as
they would be particularly beneÞcial in areas with
documented insecticide resistance.1 Corresponding author, e-mail: jvm6@cdc.gov.
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Methods and Materials

Mosquitoes.Four strains ofAnopheles gambiaeGiles
were procured from the malaria research and refer-
ence reagent resource center (MR4) program, part of
the American Type Culture Collection (Manasses,
VA). Three strains have insecticide resistance char-
acterized by altered target sites and the fourth is in-
secticide susceptible. The P�DLRC�R� strain has an
alanine-to-glycine mutation in the Rdl locus coding
for a �-aminobutyric acid (GABA) receptor confer-
ring resistance to dieldrin (Du et al. 2005). The
RSP-ST strain contains a leucine-phenylalanine sub-
stitution at position 1014 (L1014 F KDR) of the volt-
age-gated sodium channel allele (Ranson et al. 2000)
and other unidentiÞed resistance mechanisms (Vulule
et al. 1999) conferring pyrethroid resistance. The
AKRON strain has resistance conferred to carbamates
by an insensitive ACE-1 mutation and also possesses
L1014 F KDR. The G3 wild type is a susceptible strain
in colony since 1975.

All mosquito colonies were maintained at 27Ð28�C,
85Ð90% RH, and a photoperiod of 12:12 (L:D) h. All
adults were allowed to feed on a 10% sucrose solution
ad libitum. Adult females were provided deÞbrinated
calf blood (Colorado Serum, Denver, CO) by using a
Hemotek membrane feeding system (Discovery
Workshops, Accrington, United Kingdom) once a
week. Moist Þlter paper was placed in cages 3 d after
the bloodmeal for the collection of eggs. Eggs were
ßoated on water with one grain of bakerÕs yeast (Uni-
versal Foods, Milwaukee, WI) in plastic pans (34.3 by
25.4 cm, 3.8 cm in depth). Larvae were fed daily
starting on day 3 with Þnely ground TetraMin Þsh food
(Tetra Holding, Blacksburg, VA). Pupae produced in
a single day were separated from larvae in cohorts of
600 and put into 35- by 35- by 35-cm experimental
cages.
Assays. Three- to 7-d-old females were subdued

with CO2 and placed on a chill table (BioQuip Prod-
ucts, Rancho Dominguez, CA) maintained at 4�C.
Each female was treated on her dorsal thorax with

either 0.2 �l of each test compound or 0.2 �l of acetone
for a control using a syringe and repeating dispenser
(Hamilton, Reno, NV). Five concentrations diluted in
acetone producing a range of 0Ð100% mortality were
used for each compound. Twenty-Þve mosquitoes
were used for each concentration. Assays were rep-
licated four times. After all individuals were treated
for a particular concentration, they were weighed and
an average weight per mosquito was calculated. Mos-
quitoes were maintained on 10% sucrose for 24 h by
using the same conditions as the colonies. Mortality
was recorded after 24 h. The compounds tested were
nootkatone (Frutarom, North Bergen, NJ), thymoqui-
none (TCI America, Portland, OR), and carvacrol
(TCI America).

To conÞrm the level of resistance in the resistant
colonies, permethrin, dieldrin, and propoxur (Chem-
Service, West Chester, PA) were tested on the RSP-
ST, P�DLRC�R�, and AKRON strains, respectively,
and compared with results from testing each chemical
on G3 (susceptible colony). Control mortality was
corrected using AbbottÕs formula as modiÞed and pro-
vided by the WHO (1998). Lethal dosages were cal-
culated and chi-square goodness-of-Þt tests were per-
formed using SAS software (PROC PROBIT, SAS
Institute 2003).

Results and Discussion

Table 1 summarizes the results for all the tests. The
LD50 value for thymoquinone ranged from 0.933
�g/mg (conÞdence interval [CI], 0.875Ð0.995 �g/
mg) in RSP-ST to 1.507 �g/mg (CI, 1.311Ð1.691 �g/
mg) in AKRON. The range of LD50 value for nootka-
tone was 1.460 �g/mg (CI, 1.190Ð1.726 �g/mg) in
G3-2.502 (CI, 2.236Ð2.775 �g/mg) in AKRON. The
carvacrol LD50 value ranged from 1.791 �g/mg (CI,
1.675Ð1.908 �g/mg) in RSP-ST to 2.649 �g/mg (CI,
2.378Ð2.905 �g/mg) in G3. The LD50 value for per-
methrin was 0.000214 �g/mg in G3 and 0.00358 �g/mg
in RSP-ST. Propoxur had an LD50 value of 0.000719

Table 1. Lethal doses for components of tree essential oils tested on An. gambiae

Chemical
Mosquito

strain
N Slope (SE)

LD50

(95% CI, �g/mg)
LD95

(95% C, �g/mg)
�2 RR

Thymoquinone G3 370 0.002 (0.00021) 1.425 (1.277Ð1.570) 2.812 (2.546Ð3.198) 14.92
RSPÐST 413 9.79 (1.00) 0.933 (0.875Ð0.995) 1.865 (1.634Ð2.259) 12.68 0.65
P�DLRC�R� 447 0.004 (0.0004) 1.170 (1.083Ð1.253) 1.950 (1.808Ð2.149) 7.99 0.82
AKRON 381 0.0024 (0.0004) 1.507 (1.311Ð1.691) 2.712 (2.377Ð3.357) 13.57 1.06

Nootkatone G3 441 4.88 (0.47) 1.460 (1.190Ð1.726) 5.861 (4.785Ð7.676) 13.23
RSPÐST 421 3.17 (0.33) 1.633 (1.335Ð1.954) 13.900 (9.655Ð23.705) 16.18 1.12
P�DLRC�R� 382 1.53 2.089 (1.802Ð2.344) 5.039 (4.565Ð5.713) 11.98 1.47
AKRON 406 0.0009 (0.0001) 2.502 (2.236Ð2.775) 5.636 (4.046Ð6.498) 7.08 1.71

Carvacrol G3 308 0.0011 (0.0001) 2.649 (2.378Ð2.905) 5.283 (4.731Ð6.171) 8.18
RSPÐST 547 8.15 (0.72) 1.791 (1.675Ð1.908) 4.117 (3.631Ð4.888) 14.65 0.68
P�DLRC�R� 421 12.28 (1.21) 2.031 (1.925Ð2.141) 3.526 (3.195Ð4.060) 5.84 0.78
AKRON 368 9.57 (0.94) 2.088 (1.950Ð2.237) 4.238 (3.715Ð5.112) 14.60 0.79

Permethrin G3 485 2.03 (0.33) 0.000214 (0.000130Ð0.000291) 0.00598 (0.00312Ð0.0203) 12.02
RSPÐST 365 2.72 (0.35) 0.00358 (0.00285Ð0.00442) 0.0432 (0.0260Ð0.0987) 16.48 16.42

Propoxur G3 496 2.82 (0.24) 0.000719 (0.000590Ð0.00874) 0.00797 (0.00546Ð0.0132) 11.77
AKRON 379 3.79 (0.47) 3.628 (3.088Ð4.246) 25.079 (16.830Ð47.619) 17.29 5,046

Dieldrin G3 485 0.47 (0.04) 0.00455 (0.00404Ð0.00503) 0.0108 (0.00981Ð0.0121) 12.33
P�DLRC�R� 536 3.10 6.104 (4.926Ð7.622) 151.470 (91.920Ð296.225) 11.45 1,318
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�g/mg in G3 and 3.628 �g/mg in AKRON, whereas
for dieldrin the LD50 value was 0.00455 �g/mg in G3
and 6.628 �g/mg in P�DLRC�R�.

Resistance ratios (RRs) were calculated for each
compound tested. A ratio of �1 indicates the “resis-
tant” strain is more susceptible than the “susceptible”
strain; however, in this study all RRs were close to 1
for the tree oil components. The thymoquinone RR
was 0.65, 0.82, and 1.06 in RSP-ST, D�DLRC�R�,
and AKRON, respectively. Nootkatone RR was 1.12,
1.47, and 1.71, and carvacrol RR was 0.68, 0.78, and 0.79
for the same mosquito strains in the same order.

This contrasts dramatically with the RRs calculated
for the resistant strains and insecticides known to
affect the target sites containing the mutations con-
ferring resistance. Propoxur, a carbamate, inhibits ace-
tylcholinesterase; dieldrin, a cyclodiene, acts by in-
hibiting GABA; and permethrin, a pyrethroid, works
on the gated sodium channel (Ware 1991). The RR for
permethrin in the RSP-ST strain with resistance to
pyrethroids was 16.42. The RR for propoxur was 5,046
in the AKRON strain with organophosphate and
carbamate resistance. The RR for dieldrin in the
P�DLRCL�R� strain with cyclodienes resistance
was 1,457.

It was expected that if any of the three tree com-
pounds, thymoquinone, nootkatone, or carvacrol,
were affecting one of the target sites represented in
the three resistant strains then a similar greatly in-
creased RR would be observed. Because this was not
the case and all resistance ratios were close to 1, it can
be inferred that their mode of action is different from
pyrethroids, organophosphates, carbamates, and cy-
clodienes. This represents a signiÞcant Þnding as these
compounds may prove invaluable in maintaining our
ability to control populations of mosquitoes that are
resistant to currently available insecticides. However,
formulations, best application methods and environ-
mental studies still need to be conducted before they
are commercialized and registered.

Any commercial product developed for vector con-
trol using thymoquinone, nootkatone, or carvacrol
would be extremely beneÞcial for resistance manage-
ment. Although we now know these compounds are
not affecting the same target sites as existing vector
control insecticides, there are many other commer-
cially available insecticides for plant pests that also
have alternative modes of action. For example, abam-
ectin is a chloride channel activator and imidacloprid
and spinosad are nicotinic acetylcholine receptor ago-
nists (Pridgeon et al. 2008). Spinosad has recently
been registered in the United States as a mosquito
larvacide under the trade name Natrular (Clarke,
Roselle, IL). The toxicity of imidacloprid and abam-
ectin has been evaluated as possible mosquito adulti-
cides (Pridgeon et al. 2008). Agriculture uses of in-
secticides can impact the development of resistance in
vector species, but in most cases the documented
resistance is to insecticides that are already in the same
class as those used for vector control (Mouchet 1988,
N�Guassen 2003).

Development of these compounds into commer-
cially available products would give vector control
new products with alternative modes of action from
those currently available. These products also would
be novel in that they were developed for vector con-
trol and not adapted from existing agriculture uses.
Furthermore, they have the potential of being more
readily acceptable by the public because of their or-
igins from natural sources.
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